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1
ELECTRON MICROSCOPE SAMPLE
HOLDER FOR FORMING A GAS OR LIQUID
CELL WITH TWO SEMICONDUCTOR
DEVICES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is filed under the provisions of 35 U.S.C.
§121 and is a divisional of U.S. patent application Ser. No.
13/813,818, filed Jun. 13, 2013 in the name of John Damiano,
Jr, etal.,now U.S. Pat. No. 8,829,469 issued on Sep. 9, 2014,
which was filed under the provisions of 35 U.S.C. §371 and
claims the priority of International Patent Application No.
PCT/US2011/46282 on Aug. 2, 2011, which claims priority
to U.S. Provisional Patent Application No. 61/369,772, filed
on Aug. 2, 2010, all of which are hereby incorporated by
reference herein in their entireties.

FIELD

The invention relates generally to sample holders used for
mounting samples in an electron microscope, e.g., a transmis-
sion electron microscope (TEM), a scanning transmission
electron microscopy (STEM) and variations of the scanning
electron microscopes (SEM) that use traditional TEM-type
holders and stages, for imaging and analysis.

BACKGROUND

The sample holder is a component of an electron micro-
scope providing the physical support for specimens under
observation. Sample holders traditionally used for TEMs and
STEMs, as well as some modern SEMs, consist of a rod that
is comprised of three key regions: the end (300), the barrel
(200) and the sample tip (100) (see, e.g., FIG. 1). In addition
to supporting the specimen, the sample holder provides an
interface between the inside of the instrument (i.e., a vacuum
environment) and the outside world.

To use the sample holder, one or more samples are first
placed on a support device. The support device is then
mechanically fixed in place at the sample tip, and the sample
holder is inserted into the electron microscope through a
load-lock. During insertion, the sample holder is pushed into
the electron microscope until it stops, which results in the
sample tip of the sample holder being located in the column of
the microscope. At this point, the barrel of the sample holder
bridges the space between the inside of the microscope and
the outside of the load lock, and the end of the sample holder
is outside the microscope. To maintain an ultra-high vacuum
environment inside the electron microscope, flexible o-rings
are typically found along the barrel of the sample holder, and
these o-rings seal against the microscope when the sample
holder is inserted. The exact shape and size of the sample
holder varies with the type and manufacturer of the electron
microscope, but each holder contains these three key regions.

The sample holder can also be used to provide stimulus to
the sample, and this stimulus can include temperature, elec-
trical current, electrical voltage, mechanical strain, etc. One
type of sample is a semiconductor device. The semiconductor
device can be designed to have an array of electrical contact
pads on it, and the sample holder can be designed to transfer
electrical signals from an external source, through the holder,
to the semiconductor device.

The need for high density arrays comes from an increasing
demand to perform a wider variety of experiments on a
sample within the microscope—a field known as in situ
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microscopy. As demonstrated in previous filings by the
present inventors, semiconductor devices can be made to
interact with a specimen positioned thereon by passing cur-
rent or creating fields across or near a specimen. These elec-
trical signals can be used to heat, cool, bias or charge a
specimen, all while being viewed in real time within the
microscope. Increasing the number of electrical contacts pro-
vided to a specimen increases the number of or type of experi-
ments that can be done on the same device.

One type of sample holder is one in which (1) two semi-
conductor devices can be placed, (2) specimens can be placed
on or near the semiconductor devices and (3) using the com-
bination of holder and devices, the specimen’s environment,
including an electrical field and a gas or liquid flow, can be
precisely controlled. Further, methods to introduce liquid or
liquid mixtures to specimens within the microscope while
containing and controlling the environment around speci-
mens have been developed. However, there is a need for more
advanced apparatuses and methods to contact and align
devices used to form liquid or gas cells.

SUMMARY

The present invention relates generally to a novel liquid or
gas sample holder which provides improved contact and
alignment for microelectronic devices in the sample holder
and as well as electrical contacts and multiple liquid or gas
inputs/outputs to the specimens or microelectronic devices.

In one aspect, a sample holder for an electron microscope
is described, said sample holder comprising a sample holder
body and a sample holder lid, wherein the sample holder body
comprises at least one pocket having a pocket bottom and
pocket walls for the positioning of two microelectronic
devices therein, and the sample lid has a top side and a bottom
side.

In another aspect, a method of imaging a sample in a liquid
and/or gaseous environment in an electron microscope is
described, said method comprising inserting a sample in a
sample holder, inserting the sample holder comprising the
sample in an electron microscope, introducing a liquid and/or
gas to the sample in the sample holder, and imaging the
sample in the electron microscope, wherein the sample holder
comprises a sample holder body and a sample holder lid,
wherein the sample holder body comprises at least one pocket
having a pocket bottom and pocket walls for the positioning
of'two microelectronic devices therein, and the sample lid has
a top side and a bottom side.

Other aspects, features and embodiments of the invention
will be more fully apparent from the ensuing disclosure and
appended claims.

BRIEF DESCRIPTION OF FIGURES

FIG. 1 shows a schematic of a generic specimen holder
(50). The specimen holder is comprised of three regions: the
tip (100), the barrel (200), and the end (300).

FIG. 2 shows a schematic of a generic window device
having a top, bottom and cross-section at A-A".

FIG. 3 shows a schematic of a generic electrical device
having a top, bottom, cross-section at A-A', cross-section at
B-B', and cross-section at C-C".

FIG. 4 shows a schematic of a generic heating device
having a top, bottom, cross-section at A-A', cross-section at
B-B', and cross-section at C-C".

FIG. 5 shows a cross-section of a sample holder at A-A’
described herein for an electrochemical cell wherein the gas/
liquid supply lines are not shown for clarity.
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FIG. 6 shows a cross-section of a sample holder at A-A'
described herein for a thermal cell wherein the gas/liquid
supply lines are not shown for clarity.

FIG. 7 shows the top side of the holder body, the bottom
side of the holder lid, and a cross-section of the lid and body
when stacked together at A-A' and C-C'.

FIG. 8 A shows the loading of the generic window device of
FIG. 2 in the holder body.

FIG. 8B shows the loading of the generic electrical device
of FIG. 3 in the holder body.

FIG. 8C shows the positioning of the holder lid on the
holder body comprising the window device and the electrical
device.

FIG. 9A shows the loading of the generic window device of
FIG. 2 with pads in the holder body, wherein the gas/liquid
supply lines are not shown for clarity.

FIG. 9B shows the loading of the generic heating device of
FIG. 4 in the holder body, wherein the gas/liquid supply lines
are not shown for clarity.

FIG. 9C shows the positioning of the holder lid on the
holder body comprising the window device and the heating
device, wherein the gas/liquid supply lines are not shown for
clarity.

FIG. 10 shows a sample holder body for forming a liquid
cell, wherein (a) is a top view of the holder, (b) is a side view
of the holder, (c) is a bottom view of the holder, (d) an end
view of the holder, (e) a cross-section of the holder at B-B, (f)
a cross-section of the holder at A-A, and (g) a three-dimen-
sional view of the holder.

FIG. 11 shows a sample holder lid for forming a liquid cell,
wherein (a) is a top view of the lid, (b) is a side view of the lid,
(c) is a bottom view of the 1id, (d) a cross-section of the lid at
A-A, (e) a three-dimensional view of the bottom of the lid,
and (f) a three-dimensional view of the top of the lid.

FIG. 12 shows the sample holder of FIG. 10(a) having a
device positioned therein.

FIG. 13 shows another embodiment of the sample holder
body pocket wherein the lower device has a smaller width
than the upper device.

FIG. 14 generically shows the benefit of multiple inputs/
outputs to the sample holder in order to introduce multiple
reagents.

FIG. 15 shows a schematic of an alternate generic window
device with gold electrodes having a top, bottom, cross-sec-
tion at A-A', cross-section at B-B', and cross-section at C-C'.

FIG. 16 shows a schematic of an alternate generic heating
device having a top, bottom, cross-section at A-A', cross-
section at B-B', and cross-section at C-C".

FIG. 17 shows a cross-section of a sample holder at B-B'
described herein for an electrochemical cell wherein the gas/
liquid supply lines are not shown for clarity.

FIG. 18 shows the top side of the holder body, the bottom
side of the holder lid, and a cross-section of the lid and body
when stacked together at A-A' and B-B".

FIG. 19A shows the loading of the alternate generic heat-
ing device of FIG. 16 in the holder body.

FIG. 19B shows the loading of the alternate generic win-
dow device of FIG. 15 in the holder body.

FIG. 19C shows the positioning of the holder lid on the
holder body comprising the window device and the electrical
device.

DETAILED DESCRIPTION

The present invention generally relates to novel samples
holders, methods for introducing liquids or gases to the
sample holder, and uses of the novel sample holder. It is to be
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understood that the specimen holder and specimen holder
interface described herein are compatible with and may be
interfaced with the semiconductor specimen support devices
disclosed in International Patent Application Nos. PCT/
US08/63200 filed on May 9, 2008, which is incorporated
herein by reference in its entirety. It should be appreciated by
one skilled in the art that alternative semiconductor sample
support devices may be interfaced with the sample holder
described herein. The sample holder provides mechanical
support and a liquid or gaseous environment for one or more
specimens and/or semiconductor support devices and may
also provide electrical contacts to the specimens and/or semi-
conductor support devices. The sample holder can be manu-
factured with tips, barrels and ends of various shapes and
sizes such that the specimen holder fits any manufacturer’s
electron microscope.

As defined herein, a “membrane region” on the semicon-
ductor device corresponds to unsupported material com-
prised, consisting of, or consisting essentially of carbon, sili-
con nitride, SiC or other thin films generally 1 micron or less
having a low tensile stress (<500 MPa), and providing an at
least partially electron transparent region for supporting the at
least one specimen. The membrane region may include holes
or be hole-free. The membrane region may be comprised of a
single material or a layer of more than one material and may
be either uniformly flat or contain regions with varying thick-
nesses.

As defined herein, “microelectronic” means a semiconduc-
tor material, such as silicon, that is intermediate in electrical
conductivity between conductors and insulators.

As defined herein, “device” means a structure used to
either contain liquids or gases around a specimen and
includes, but is not limited to, a window device, an electrical
device and a heating device.

As defined herein, a “cell” corresponds to a region defined
by two substantially parallel positioned devices, wherein at
least one liquid and/or gas can be flowed therethrough. A
specimen can be positioned within the cell for imaging pur-
poses.

As defined herein, “specimen” means the object being
studied in the electron microscope, typically placed within or
on the device in the region of liquid or gas control which is at
least partially electron transparent (e.g., nanoparticle, cata-
lyst, thin section, etc.).

As defined herein, a “pocket” corresponds to a space in the
sample cell holder that defines the vertical walls of the cell,
into which the two substantially parallel devices are posi-
tioned to form the cell.

As defined herein, “contact points™ correspond to protru-
sions from the walls of the pocket that are engineered to align
the devices when positioned in the pocket.

As defined herein, “window device” means a device used
to create a physical, electron transparent barrier on one
boundary and the vacuum environment of the electron micro-
scope on the other and is generally a silicon nitride-based
semiconductor micro-machined part, although other semi-
conductor materials are contemplated.

As defined herein, “frame” means a rigid region around the
perimeter of a device that is used to provide mechanical
support to the entire device structure. Preferred embodiments
include a silicon frame, even more preferably a silicon frame
selectively etched using KOH, a silicon frame selectively
etched using reactive ion etching (RIE), a silicon frame selec-
tively etched using deep reactive ion etching (DRIE), or a
silicon frame released from an silicon-on-insulator (SOI)
wafer.
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The present application improves on the prior art by pro-
viding a simple apparatus and method for aligning and
exchanging devices and making electrical contacts to said
devices.

A schematic of a generic window device is shown in FIG.
2. A thin membrane region, e.g., amorphous silicon nitride,
forms the window whereby imaging and analysis can be
performed through the window. The window must withstand
a differential pressure between the gas cell and the vacuum
environment of the microscope. The window’s “frame” is
preferably single-crystal silicon. The frame is formed by
selectively etching a cavity in the single-crystal silicon sub-
strate. A thin “spacer” layer can be formed around the mem-
brane window (for example as shown in the window device in
FIG. 6). The thickness of this layer can be precisely set, and,
when a second device, e.g., a heating device or another win-
dow device, is stacked atop the window device, the thickness
of'the spacer sets the distance between the devices and hence
the thickness of the gas or liquid layer between the devices.
Preferred spacer thickness is in a range from about 0.1 pm to
about 50 um.

Spacer materials contemplated herein include, but are not
limited to, epoxy-based photoresists such as SU-8 (Micro-
chem, Newton, Mass.), grown or deposited semiconductor
layers, deposited or electroplated metal films and polyimide
films such as the HD-4100 series of polymers (Hitachi
Dupont MicroSystems LLC).

A schematic of a generic electrical biasing device is shown
in FIG. 3. The electrical biasing device has electrodes that run
from the edge of the device to the center of a thin silicon
nitride membrane. Specimens can be placed on the silicon
nitride membrane region for inspection. Typically voltage or
current is applied to the electrodes at the edge of the chip, and
these signals travel to the membrane region and the specimen.
The “frame” portion of the device, surrounding the mem-
brane, can be single-crystal silicon. The frame is formed by
selectively etching a cavity in the single-crystal silicon sub-
strate. Gold contact pads are used to form the electrodes. The
silicon nitride material is electrically insulating. A thin
“spacer” layer can be formed around the membrane window.
The thickness of this layer can be precisely set, and, when a
second device, e.g., a window device, is stacked atop the
electrical device, the thickness of the spacer sets the distance
between the devices and hence the thickness of the liquid
layer between the devices. Preferred spacer thickness is in a
range from about 0.1 um to about 50 pm. For example, the
spacer layer can be removed over the gold electrodes at the
edge of the electrical device where contacts are formed. The
cut in the spacer layer forms a seal around the contact when
the devices are stacked and prevents the liquid from reaching
the contact point between the device and the sample holder. It
should be appreciated that the electrical biasing device can be
larger, smaller, or the same dimensions as the window device.

A schematic of a generic heating device is shown in FIG. 4.
Specimens can be placed on the thin membrane region, which
is formed from layers of a conductive ceramic material, e.g.,
silicon carbide. When electrical current is forced through the
ceramic membrane, the membrane region heats, heating the
specimen. The “frame” portion of the device, surrounding the
membrane, can be single-crystal silicon. The frame is formed
by selectively etching a cavity in the single-crystal silicon
substrate. Gold contact pads are used to form electrical con-
tacts to the ceramic material. An electrically insulating layer
of silicon dioxide or equivalent thereof between the ceramic
layers and the silicon substrate prevents current flow from the
ceramic membrane to the substrate, so all current stays in the
membrane. In the embodiment shown in FIG. 4, the gold
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contact pads extend to one side of the device. It should be
appreciated that the heating device can be larger, smaller, or
the same dimensions as the window device.

An electrochemical cell holder comprises a window device
and an electrical device. A thermal cell holder comprises a
window device and a heating device. The liquid cell holder
uses two window devices. At least one device includes a
spacer layer. When one device is placed atop the other, with
the nitride membranes facing each other, the gap between the
devices is set by the thickness of the spacer layer(s). Control-
ling the thickness of this spacer layer is critical: if the spacer
is too thin, the specimens will get crushed. If the spacer is too
thick, then there can be extra liquid around the specimen,
which degrades the resolution of the image. The thickness of
the spacer layer(s) is readily determined by the skilled artisan.

FIG. 5 shows a cross-sectional schematic of the complete
electrochemical cell with electrical biasing and window
devices included. Liquid supply lines are not shown for clar-
ity. The electrochemical cell is comprised of an electrochemi-
cal cell holder body, an electrochemical cell holder lid, one
window device, one electrical biasing device, and o-rings
used to seal the cell. The devices are stacked such that the
membrane portion of each device is aligned. Additionally, the
pair of stacked membranes is also aligned with holes in the
holder body and holder lid such that an electron beam can
pass through the entire assembly.

FIGS. 7 and 8A-8C show cross-sectional and plan view
schematics of the electrochemical cell holder and demon-
strate how devices are loaded into the sample holder, how
electrical contacts are formed, and how the environment
inside the electrochemical cell is maintained.

FIG. 7 shows the empty holder body and holder lid struc-
tures with a cross-sectional view of both. The holder body can
have a cavity with a deep pocket and a shallow pocket when
the size of the electrical or thermal device is different from
that of the window device (e.g., in FIG. 7, the window device
is smaller in length than the electrical or thermal device
although it is contemplated herein that the electrical or ther-
mal device may be smaller in length than the window device).
It should be appreciated that when the window device and the
electrical or thermal device have the same length and width
that the holder body can have one deep cavity for accommo-
dating both devices. The deep pocket has a bottom with a
electron beam hole roughly centered in the pocket, and at
least one o-ring or other sealing means can be placed around
the hole. The depth of the pocket relative to the shallow
pocket plane is approximately the thickness of the window
device. The length and width of the deep pocket is slightly
larger than a window device, as will be discussed at length
hereinbelow. The length and width of the shallow pocket is
slightly larger than the electrical or thermal device, as will be
discussed hereinbelow. The shallow pocket fully encloses the
deep pocket. On one side of the shallow pocket, away from
the deep pocket, a row of contact points can be positioned that
are used to electrically contact the electrical or thermal device
when this device is loaded into the holder body. The depth of
the shallow pocket is approximately the thickness of the elec-
trical or thermal device. The holder lid can have a thick region
and a thin region for alignment convenience. The length and
width of the thick region is approximately the size of the
shallow pocket in the holder body, such that the thick region
can be inserted into the shallow pocket. An electron beam
holeis placed in roughly the center of the thick region, and an
o-ring or other sealing means surrounds the hole. The thin
region extends beyond the thick region, and has more than
one hole that allows the user to fasten the holder lid to the
holder body with screws or other fastening means. A second
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o-ring or other sealing means surrounds the thick region and
is used to form a seal between the holder lid and holder body.
Gases or liquids are supplied to the pockets through supply
lines in the holder body that extend from the pocket(s) to the
outside of the opposite end of the holder.

FIG. 8A shows the window device loaded into the holder
body along the A-A' cross-section for illustrative purposes.
The device is placed in the deep pocket with the spacer layer
(when present) facing up and the etched cavity in the substrate
facing down. The bottom of the device sits on the o-ring or
other sealing means surrounding the hole in the deep pocket,
and a continuous seal is formed around the hole when pres-
sure is applied and the o-ring is compressed between the
holder body and the device. The top of the window device is
at roughly the same height as the bottom plane of the shallow
pocket.

FIG. 8B shows the electrical biasing device loaded into the
holder body for illustrative purposes. The device is placed in
the shallow pocket with the spacer layer and/or thin mem-
brane region facing down (i.e., facing the thin membrane
region of the underlying window device) and the etched cav-
ity in its substrate facing up. The spacer layer features on the
electrical biasing device sit atop the window device. The gold
contact pads on the electrical biasing device are aligned with
the underlying contact points in the shallow pocket. Since the
deep pocket and shallow pocket can have two common sides,
as indicated in FIG. 7, the devices in the pockets are aligned
to a common surface and are therefore aligned to each other.
This critical “self-alignment” feature allows the devices to be
aligned with respect to each other with great precision.

FIG. 8C shows the final assembly of the electrochemical
cell holder for illustrative purposes. The holder lid is placed
atop the holder body and affixed to the holder body using
more than one screw or other fastening means. The thicker
portion of the lid fits atop the device stack. The o-ring or other
sealing means in the thicker portion, which is positioned in
proximity to the hole in the lid, fits around the cavity of the
electrical device and forms a seal between the electrical
device and the 1id. The thickness of this thicker portion deter-
mines the amount of compression on the o-rings or other
sealing means that surround the holes in the holder body and
the holder lid. Adequate compression is required to form a
tight seal around these holes and prevent gases or liquids from
escaping around the devices. Attaching the holder lid pushes
down on the device stack, compressing these o-rings or other
sealing means and forming a seal. Adequate compression will
also force the gold contact pads on the electrical device on to
the underlying contact points, forming an electrical contact.
The distance between the devices is set by the thickness of the
spacer layer and this distance does not change when the
devices are pushed together when sealing the cell. The second
o-ring or sealing means on the holder lid, in the thinner
portion of the lid, forms a seal between the holder body and
the holder lid. This o-ring is compressed when the lid is
attached to the body and prevents gases or liquids from escap-
ing from between the holder body and the holder lid.

FIG. 6 shows a cross-sectional schematic of the complete
thermal cell with heating and window devices included. Gas
or liquid supply lines are not shown for clarity. The thermal
cell is comprised of a gas cell holder body, a gas cell holder
lid, one window device, one heating device, and o-rings used
to seal the cell. The devices are stacked such that the mem-
brane portion of each device is aligned. Additionally, the pair
of'stacked membranes is also aligned with holes in the holder
body and holder lid such that an electron beam can pass
through the entire assembly.
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FIGS. 7 and 9A-9C show cross-sectional and plan view
schematics of the thermal cell holder and demonstrate how
devices are loaded into the sample holder, how electrical
contacts are formed, and how the environment inside the
thermal cell is maintained.

FIG. 9A shows the window device loaded into the holder
body along the C-C' cross-section for illustrative purposes.
The device is placed in the deep pocket with the spacer layer
facing up and the etched cavity in the substrate facing down.
The bottom of the device sits on the o-ring or other sealing
means surrounding the hole in the deep pocket, and a con-
tinuous seal is formed around the hole when pressure is
applied and the o-ring is compressed between the holder body
and the device. The top of the window device is at roughly the
same height as the bottom plane of the shallow pocket.

FIG. 9B shows the thermal device loaded into the holder
body for illustrative purposes. The device is placed in the
shallow pocket with the spacer layer and/or thin membrane
region facing down (i.e., facing the thin membrane region of
the underlying window device) and the etched cavity in its
substrate facing up. The thermal device sits atop the spacer
layer features on the window device. The gold contact pads on
the thermal device are aligned with the underlying contact
points in the shallow pocket. Since the deep pocket and shal-
low pocket can have two common sides, as indicated in FIG.
7, the devices in the pockets are aligned to a common surface
and are therefore aligned to each other. This critical “self-
alignment” feature allows the devices to be aligned with
respect to each other with great precision.

FIG. 9C shows the final assembly of the thermal cell holder
for illustrative purposes. The holder lid is placed atop the
holder body and affixed to the holder body using more than
one screw or other fastening means. The thicker portion of the
lid fits atop the device stack. The o-ring or other sealing
means in the thicker portion, which is positioned in proximity
to the hole in the lid, fits around the cavity of the heating
device and forms a seal between the heating device and the
lid. The thickness of this thicker portion determines the
amount of compression on the o-rings or other sealing means
that surround the holes in the holder body and the holder lid.
Adequate compression is required to form a tight seal around
these holes and prevent gases or liquids from escaping around
the devices. Attaching the holder lid pushes down on the
device stack, compressing these o-rings or other sealing
means and forming a seal. Adequate compression will also
force the gold contact pads on the thermal device on to the
underlying contact points, forming an electrical contact. The
distance between the devices is set by the thickness of the
spacer layer and this distance does not change when the
devices are pushed together when sealing the cell. The second
o-ring or sealing means on the holder lid, in the thinner
portion of the lid, forms a seal between the holder body and
the holder lid. This o-ring is compressed when the lid is
attached to the body and prevents gases or liquids from escap-
ing from between the holder body and the holder lid.

Another embodiment of the gas or electrochemical cell is
shown in FIGS. 15-18. In this embodiment, a schematic of an
alternate generic window device with gold electrodes is
shown in FIG. 15. Typically voltage or current is applied to
the electrodes at the edge of the chip, and these signals travel
to contact areas near the edge of the thin membrane region.
The thin membrane region, e.g., amorphous silicon nitride,
forms the window whereby imaging and analysis can be
performed through the window. The window must withstand
a differential pressure between the gas cell and the vacuum
environment of the microscope. The window’s “frame” is
single-crystal silicon. The frame is formed by selectively
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etching a cavity in the single-crystal silicon substrate. Gold
contact pads are used to form the electrodes. A thin insulating
layer is formed around the membrane window. This layer
prevents shorting between the device and the holder body
when the device is placed into the holder body.

Insulating materials contemplated herein include, but are
not limited to, epoxy-based photoresists such as SU-8 (Mi-
crochem, Newton, Mass.), grown or deposited semiconduc-
tor layers and polyimide films such as the HD-4100 series of
polymers (Hitachi Dupont Micro Systems LLC).

A schematic of an alternate generic heating device is
shown in FIG. 16. Specimens can be placed on the thin
membrane region, which is formed from layers of a conduc-
tive ceramic material, e.g., silicon carbide. When electrical
current is forced through the ceramic membrane, the mem-
brane region heats, heating the specimen. The “frame” por-
tion of the device, surrounding the membrane, can be single-
crystal silicon. The frame is formed by selectively etching a
cavity in the single-crystal silicon substrate. Gold contact
pads are used to form electrical contacts to the ceramic mate-
rial. An electrically insulating layer of silicon dioxide or
equivalent thereof between the ceramic layers and the silicon
substrate prevents current flow from the ceramic membrane
to the substrate, so all current stays in the membrane. In the
embodiment shown in FIG. 16, the thickness of the gold
contact pads can be precisely set, and, when a second device,
e.g., a window device, is stacked atop the heating device, the
thickness of the heating device gold contact pads sets the
distance between the devices and hence the thickness of the
gas or liquid layer between the devices. Preferred spacer
thickness is in a range from about 0.1 um to about 50 pm.

FIG. 17 shows a cross-sectional schematic of the complete
alternate gas or electrochemical cell with heating and window
devices included. Gas or liquid supply lines are not shown for
clarity. The cell is comprised of a holder body, a holder lid,
one window device, one heating device, and o-rings used to
seal the cell. The devices are stacked such that the membrane
portion of each device is aligned. Additionally, the pair of
stacked membranes is also aligned with holes in the holder
body and holder lid such that an electron beam can pass
through the entire assembly.

FIG. 18 shows cross-sectional and plan view schematics of
the alternate gas or electrochemical cell holder body and
holder lid without devices inserted.

FIGS. 19A-19C show cross-sectional and plan view sche-
matics of the gas or electrochemical cell holder and demon-
strate how devices are loaded into the sample holder, how
electrical contacts are formed, and how the environment
inside the cell is maintained.

FIG. 19A shows a thermal device loaded into the holder
body for illustrative purposes to form a thermal cell. Alterna-
tively, an electrical device could be loaded to form an elec-
trochemical cell. The device is placed in the deep pocket with
the gold contact pads facing up and the etched cavity in the
substrate facing down. The bottom of the device sits on the
o-ring or other sealing means surrounding the hole in the deep
pocket, and a continuous seal is formed around the hole when
pressure is applied and the o-ring is compressed between the
holder body and the device. The top of the window device is
at roughly at the same height as the bottom plane of the
shallow pocket. A second o-ring is placed at the bottom of the
shallow pocket surrounding the thermal device.

FIG. 19B shows the window device loaded into the holder
body for illustrative purposes. The device is placed in the
shallow pocket with the thin membrane region facing down
(i.e., facing the underlying window device) and the etched
cavity in its substrate facing up. The window device sits atop
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the gold contact pad features on the thermal device and atop
the o-ring that surrounds the thermal device. The gold contact
pads on the thermal device are aligned with the contact areas
on the window device, and the electrodes on the window
device are aligned with contact points on the holder body.

FIG. 19C shows the final assembly of the thermal cell
holder for illustrative purposes. The holder lid is placed atop
the holder body and affixed to the holder body using more
than one screw. The depth of the deep and shallow pockets
determines the amount of compression on the o-rings or other
sealing means that surround the hole in the holder body and
the deep pocket in the holder body. Adequate compression is
required to form a tight seal around these features and prevent
gases or liquids from escaping around the devices. Attaching
the holder lid pushes down on the device stack, compressing
these o-rings or other sealing means and forming a seal.
Adequate compression force the gold contact pads on the
thermal device on to the contact areas on the window device,
and will also force the electrodes on the window device on to
the underlying contact points, forming electrical contacts.
The distance between the devices is set by the thickness ofthe
contact pads on the thermal device and this distance does not
change when the devices are pushed together when sealing
the cell.

A liquid cell holder comprising two window devices will
have the same features as the electrochemical cell holder and
the thermal cell holder with the exception that there can be
one deep pocket in the holder of FIG. 7 because the length and
width of the two window devices are substantially identical.
Moreover, there is no need for electrical contacts. It should be
appreciated that one or both of the window devices may have
spacer material thereon. An example of a liquid cell holder
can be seen in FIGS. 10 and 11, which will be described at
length hereinbelow.

In practice, liquids or gases can be flowed in and out of the
liquid, electrochemical or thermal cells described herein
through the supply lines without leaking to the outside envi-
ronment. Electrical current and voltage can be supplied to the
electrical or thermal device through the electrical supply
lines. The holder can be placed in a TEM, the liquid, electrical
or thermal device can be set to the desired current/voltage,
and the type of liquid/liquids/gas/gases can be set applied to
the sample using the supply lines. During imaging, the elec-
tron beam passes through the hole in the holder lid, strikes the
sample on the heating membrane of the upper (window, ther-
mal or electrical) device, passes through the window on the
lower (window) device, then exits the gas cell through the
hole on the bottom of the holder body.

As discussed hereinabove, alignment of the two devices is
critical. The membrane region of the window and electrical or
thermal devices is preferably narrow so that the windows do
not substantially distend when differential pressure is applied
(atmospheric pressure inside the cell, vacuum outside the
cell). Accordingly, the windows must be well-aligned since
the electron beam can pass through the cell only where the
windows are aligned. Narrow windows offer less area and
therefore provide less margin for error with respect to align-
ment, so features that improve chip alignment are useful.

Towards that end, another aspect of the present invention is
a cell holder having a pocket(s) having contact points rather
than straight edge walls so as to improve alignment of the
devices in the cell holders. Referring to FIG. 10(d), an
example of said pocket in a liquid cell holder body is illus-
trated. F1G. 10(a) shows a top view of the holder of FIG. 10(d)
wherein the pocket has two contact points for each wall of the
device(s), as shown more clearly in FIG. 12, where the
hatched rectangle is intended to correspond to a device, e.g.,
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window device, as described herein, having four straight
edges. Having two contact points for each edge of the device
reduces the likelihood that debris in the pocket can impact the
device alignment. When the pocket accommodates two
equally sized devices (e.g., for the liquid cell), the vertical
contact points extend the full depth of the cavity, so the two
chips see the same contact points and are therefore aligned to
each other. It should be appreciated that the liquid cell holder
of FIGS. 10(a) and (d) has two contact points for each edge,
however, the pocket can have at least one straight edge so long
as at least one edge includes the contact points illustrated in
FIGS. 10(a) and (d). Another embodiment of the pocket is
shown in FIG. 13, wherein the pocket accommodates two
different sized devices (e.g., a window device with an elec-
trical or athermal device). In the embodiment of FIG. 13, both
devices, having the same width, share width contact points on
opposite edges while the length contact points are unique for
each device. It should be appreciated that the contact points
can be tooled to be any shape (e.g., hemispherical, square,
triangular, etc.) or size as readily determinable by the skilled
artisan.

The liquid cell holder body of FIG. 10 correspondingly
mates with the liquid cell holder lid of FIG. 11 and the two
together make up the sample holder, e.g., as illustrated in
FIGS. 5-7. The sample holder can be attached to the barrel
(200) of FIG. 1. Moreover, as illustrated in FIGS. 10(e) and
10(f), multiple input/output ports are illustrated. It should be
appreciated that only one input and only one output hole is
contemplated. Further, the electrochemical cell holder and
the thermal cell holders described herein (e.g., FIGS. 7,
8A-8C and 9A-9C) which are shown as having straight edge
pockets preferably include at least one edge having the con-
tactpoints of FIG. 10(a), 10(d), or 13, and most preferably, all
of the edges include contact points.

In another aspect, the use of multiple inputs/outputs to the
sample holder in order to introduce multiple reagents during
use is described. This allows the user to image chemicals as
they mix/react in real time within the cell. It also improves
time resolution since a chemical can be loaded, then released
at a precise moment into the cell. For example, if a live cell is
being imaged, the user can watch the live cell in flowing
liquid, then introduce a fixative through a second input to
instantaneously fix the cell. Alternatively, two different lig-
uids can be input from either side of the liquid cell, react in the
cell (between the windows), then released from a common
output. A schematic of the multiple input/output teaching is
illustrated in FIG. 14. It should be appreciated that the liquid
cell, thermal cell, or electrochemical cell described herein can
have one input and one output or any combination of multiple
inputs/outputs as readily determined by the skilled artisan.

The cell holders and lids described herein are preferably
titanium or brass and are died to guarantee very vertical and
parallel pocket edges.

In practice, the first device (e.g., awindow device, a heating
device or an electrical biasing device) is loaded into the holder
body, followed by the place of a sample on the membrane of
the first device, the placement of a second device (e.g., a
window device, a heating device or an electrical biasing
device) in the holder body, and the placement ofthe holder lid
over the holder body comprising the first and second devices
and the sample. The holder lid can be secured to the holder
body using at least one screw or other fastening means. The
electrochemical cell holder is inserted into the electron
microscope and the sample can be imaged in a liquid or gas
environment using the holder described herein.

In another aspect, a method of imaging a sample in a liquid
and/or gaseous environment in an electron microscope is
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described, said method comprising inserting a sample in a
sample holder, inserting the sample holder comprising the
sample in an electron microscope, introducing a liquid and/or
gas to the sample in the sample holder, and imaging the
sample in the liquid and/or gaseous environment, wherein the
sample holder comprises a sample holder body and a sample
holder lid, wherein the sample holder body comprises at least
one pocket having a pocket bottom and pocket walls for the
positioning of two microelectronic devices therein, and the
sample lid has a top side and a bottom side, as described
herein. It should be appreciated that the two microelectronic
devices may be the same as or different from one another and
can comprise a device selected from the group consisting of'a
window device, a heating device, a electrical biasing device,
and combinations thereof.

Although the invention has been variously disclosed herein
with reference to illustrative embodiments and features, it
will be appreciated that the embodiments and features
described hereinabove are not intended to limit the invention,
and that other variations, modifications and other embodi-
ments will suggest themselves to those of ordinary skill in the
art, based on the disclosure herein. The invention therefore is
to be broadly construed, as encompassing all such variations,
modifications and alternative embodiments within the spirit
and scope of the claims hereafter set forth.

The invention claimed is:

1. A sample holder for an electron microscope, said sample
holder comprising a sample holder body and a sample holder
lid, wherein the sample holder body comprises a deep pocket
having a deep pocket bottom and deep pocket walls for the
positioning of a first microelectronic device therein and a
shallow pocket having a shallow pocket bottom and shallow
pocket walls for the positioning of a second microelectronic
device therein, wherein the shallow pocket fully encloses the
deep pocket and wherein at least one electrical contact point
is positioned on the shallow pocket bottom.

2. The sample holder of claim 1, wherein the sample holder
body and the sample holder lid have a hole for passage of an
electron beam through the sample holder.

3. The sample holder of claim 1, wherein the sample holder
body comprises at least one component selected from the
group consisting of:

(a) at least one inlet supply line;

(b) at least one outlet supply line;

(c) at least one sealing means;

(d) securing means for securing the sample holderlid to the

sample holder body; and

(e) combinations of (a)-(d) thereof.

4. The sample holder of claim 1, wherein the sample holder
lid comprises at least one component selected from the group
consisting of:

(a) at least one sealing means;

(b) securing means for securing the sample holderlid to the

sample holder body; and

(c) combinations of (a) and (b) thereof.

5. The sample holder of claim 3, wherein the sealing means
comprises an o-ring.

6. The sample holder of claim 3, wherein the securing
means comprise screws.

7. The sample holder of claim 3, wherein a first sealing
means is positioned at the deep pocket bottom and surrounds
a deep pocket bottom hole such that a seal is formed around
the deep pocket bottom hole when pressure is applied to the
first and second microelectronic devices.

8. The sample holder of claim 1, wherein the sample holder
lid covers the sample holder body, and wherein the sample
holder lid has a greater depth above the shallow pocket length
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and width such that the greater depth of the sample holder lid
can be inserted into the shallow pocket for better alignment.

9. The sample holder of claim 1, wherein the first micro-
electronic device comprises a window device.

10. The sample holder of claim 1, wherein the first and
second microelectronic devices are aligned so that the elec-
tron beam passes through the sample holder having the micro-
electronic devices therein.

11. The sample holder of claim 1, wherein the second
microelectronic device comprises a thermal device or an elec-
trical biasing device.

12. The sample holder of claim 1, wherein the length and
width of the second microelectronic device is greater than the
length and width of the first microelectronic device.

13. The sample holder of claim 8, wherein a second sealing
means is positioned in the sample holder lid and surrounds a
sample holder lid hole such that a seal is formed around the
sample holder lid hole when pressure is applied to the firstand
second microelectronic devices.

14. The sample holder of claim 11, wherein at least one
contact pad on the second microelectronic device is aligned
with the at least one electrical contact point positioned on the
shallow pocket bottom.

15. A method of imaging a sample in a liquid and/or gas-
eous environment in an electron microscope, said method
comprising inserting a sample in a sample holder, inserting
the sample holder comprising the sample in an electron
microscope, introducing a liquid and/or gas to the sample in
the sample holder, and imaging the sample in the electron
microscope, wherein the sample holder comprises a deep
pockethaving a deep pocket bottom and deep pocket walls for
the positioning of a first microelectronic device therein and a
shallow pocket having a shallow pocket bottom and shallow
pocket walls for the positioning of a second microelectronic
device therein, wherein the shallow pocket fully encloses the
deep pocket and wherein at least one electrical contact point
is positioned on the shallow pocket bottom.

16. The method of claim 15, wherein the first microelec-
tronic device comprises a window device.
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17. The method of claim 15, wherein the second micro-
electronic device comprises a heating device or an electrical
biasing device.

18. The method of claim 15, wherein the sample holder lid
covers the sample holder body, and wherein the sample holder
lid has a greater depth above the shallow pocket length and
width such that the greater depth of the sample holder lid can
be inserted into the shallow pocket for better alignment.

19. The method of claim 15, wherein a second sealing
means is positioned in the sample holder lid and surrounds a
sample holder lid hole such that a seal is formed around the
sample holder lid hole when pressure is applied to the first and
second microelectronic devices, and wherein a first sealing
means is positioned at the deep pocket bottom and surrounds
a deep pocket bottom hole such that a seal is formed around
the deep pocket bottom hole when pressure is applied to the
first and second microelectronic devices.

20. The method of claim 19, wherein the first microelec-
tronic device is a window device and the second microelec-
tronic device is a thermal device or an electrical biasing
device, and wherein attaching the sample holder 1id to the
sample holder body results in (a) the compression of the first
and second sealing means thus forming a seal and (b) the
formation of an electrical contact between the at least one
contact point positioned on the shallow pocket bottom and at
least one contact pad on the second microelectronic device.

21. The sample holder of claim 1, wherein the first micro-
electronic device is a window device and the second micro-
electronic device is a thermal device or an electrical biasing
device, wherein a first sealing means is positioned at the deep
pocket bottom and surrounds a deep pocket bottom hole and
a second sealing means is positioned in the sample holder lid
and surrounds a sample holder lid hole, and wherein attaching
the sample holder lid to the sample holder body results in (a)
the compression of the first and second sealing means thus
forming a seal and (b) the formation of an electrical contact
between the at least one contact point positioned on the shal-
low pocket bottom and at least one contact pad on the second
microelectronic device.
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